Mechanism of kaolinite sheets curling via the intercalation and delamination process by Li, Xiaoguang et al.
Mechanism of kaolinite sheets curling via the intercalation and delamination 
process 
Xiaoguang Li a, Qinfu Liu a, Hongfei Cheng a,b, Shuai Zhang a, Ray L. Frost b,* 
a School of Geoscience and Surveying Engineering, China University of Mining & Technology, Beijing 100083, P.R. China 
b School of Chemistry, Physics and Mechanical Engineering, Science and Engineering Faculty, Queensland University of Technology, 2 George Street, 
GPO Box 2434, Brisbane, Queensland 4001, Australia 
 
Corresponding author: Qinfu Liu 
Fax: +86 10 62331248, 
E-mail addresses: lqf@cumtb.edu.cn 
Corresponding author: Ray L. Frost 
Fax: +61 7 3138 2407, 
E-mail addresses: r.frost@qut.edu.au 
 
The emails of the other authors 
Xiaoguang Li  lixiaoguang12345@126.com 
Hongfei Cheng  h.cheng@cumtb.edu.cn  
Shuai Zhang  szhang870119@hotmail.com 
    
                                                              
 Corresponding authors. Fax:+86 10 59714676  Tel:+86 10 62331248ex8517 (Q. Liu)  
E-mail addresses: lqf@cumtb.edu.cn (Q. Liu), r.frost@cumtb.edu.cn (R.L. Frost) 
Mechanism of kaolinite sheets curling via the intercalation and delamination 
process 
Xiaoguang Li a, Qinfu Liu a, Hongfei Cheng a,b, Shuai Zhang a, Ray L. Frost b,* 
a School of Geoscience and Surveying Engineering, China University of Mining & Technology, Beijing 100083, P.R. China 
b School of Chemistry, Physics and Mechanical Engineering, Science and Engineering Faculty, Queensland University of Technology, 2 George Street, 
GPO Box 2434, Brisbane, Queensland 4001, Australia 
 
Abstract Kaolinite naturally occurs in the plate form for the interlayer hydrogen bond and the distortion and 
adaption of tetrahedron and octahedron. But kaolinite sheets can be exfoliated to nanoscrolls artificially in 
laboratory through multiple-step displacement intercalation. The driving force for kaolinite sheet to be curled 
nanoscroll originates from the size discrepancy of Si-O tetrahedron and Al-O octahedron. The displacement 
intercalation promoted the platy kaolinite sheets spontaneously to be scrolled by eliminating the interlayer 
hydrogen bond and atomic interaction. Kaolinite nanoscrolls are hollow tubes with outer face of tetrahedral sheet 
and inner face of octahedral sheet. Based on the theoretical calculation it is firstly reported that the minimum 
interior diameter for a single kaolinite sheet to be scrolled is about 9.08nm, and the optimal 24.30nm, the maximum 
100nm, which is verified by the observation of scanning electron microscope and transmission electron microscope. 
The different adaption types and discrepancy degree between tetrahedron and octahedron generate various curling 
forces in different directions. The nanoscroll axes prefer the directions as [100], [110], [110], [310], and the relative 
curling force are as follows, [310]＞[100]=[110]＞[110].  
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1. Introduction 
Kaolinite, an important industrial raw material, has a wide variety of applications in industry, particularly as paper filler 
and coating pigment [1-7]. It is used as an extender in aqueous based paints and inks, a functional additive in polymers 
and is the major component in ceramics [8-10]. It is composed of Al-O octahedral sheets and Si-O tetrahedral sheets in a 
1:1 relationship. The ideal formula of the pseudohexagonal unit cell is Si2Al2O5(OH)4. The layers are bound to each other 
by hydrogen bonding between oxygens of the tetrahedral sheet and the hydroxyls of the adjacent octahedral sheet. The 
major minerals of kaolinite sub-group include kaolinite, halloysite, dickite and nacrite; the serpentine sub-group includes 
chrysotile, lizardite, antigorite and greenalite and other different structures and variants of magnesium ion, iron ion and 
aluminium ion.  
Depending on the application, kaolinite is often modified from its natural state by physical or chemical treatment to 
enhance the properties of the material. Therefore, an important part of research in laboratory is focused on the 
preparation of kaolinite complexes intercalated by organic molecules. One of the most studied systems to date is the 
intercalation of synthetic polymers into layered aluminosilicates [11-15]. It was reported that after repeated water 
washing-intercalation delamination some kaolinite sheets can be curled and kaolinite nanoscrolls are formed with 
repeated intercalation and deintercalation of potassium acetate in kaolinite [16]. If alcohols are used to graft and 
modify the direct-intercalation kaolinite, bigger molecules are easy to intercalate into the interlayer of kaolinite, 
forming a kind of intercalation compound which has a interlayer spacing times of intercalation compound of 
original kaolinite. Komori and his coauthors [17] proved that kaolinite has higher intercalation ability for a wider variety 
of guest species than previously accepted if kaolinite/methanol intercalation compound are used as an intermediate. The 
basal spacing increased up to 5.75 nm when octadecylamine was used. A sequence of interlayer-grafted derivatives of 
kaolinite was synthesized with a pre-intercalated kaolinite [18]. Furthermore, primary n-alkylamines intercalation 
compound were synthesized and were delaminated into halloysite-like nanoscrolls [19]. It was reported by Matusik et al. 
[20] that the number of rolled kaolinite layers depended heavily on the efficiency of the intercalation steps. 
Alkyltrimethylammonium salts and 1-hexadecyl-3-methlimidazolium chloride were also intercalated into the interlayer 
space of methoxy-grafted kaolinite via one-step method, leading to the delamination of kaolinite sheets and formation of 
kaolinite nanoscrolls [21]. The reaction temperature, interaction mechanism and the thermal stability of the nanoscrolls 
were investigated by using one-step delamination of kaolinite-cetyltrimethylammonium chloride intercalation compound 
[22]. Despite previous research, the characterization of the morphology of the kaolinite nanoscrolls and explicit 
explanation on the curling mechanism remains largely unknown. 
In the present study, the nanoscroll formation mechanism of kaolinite sheets via the intercalation-liquid phase exfoliation 
process was proposed. The curling deformation of kaolinite was detected by scanning electron microscope (SEM) and 
transmission electron microscope (TEM).  
 
2. Mineral structure features of kaolinite 
Kaolinite belongs to triclinic system, with lattice constants of a0 = 0.514 nm, b0 = 0.893 nm, c0 = 0.737 nm, 
α=91.8°, β=104.5° and γ=90°. The structure and arrangement of kaolinite is constituted of 1:1 one-layer Si-O 
tetrahedronal sheet and one-layer Al-O octahedral sheet. However, the actual structure of octahedral sheet is a0 = 
0.506 nm and b0 = 0.862 nm and the actual structure of tetrahedral sheet is a0 = 0.514 nm and b0 = 0.893 nm . The 
size of Al-O octahedron is smaller than that of Si-O tetrahedron. 
The Si-O tetrahedron and Al-O octahedron share one oxygen atom, forming one indivisible entirety (Fig.1.A). 
Theoretically, six Si-O tetrahedrons shall bind on the plane to form a stable orthohexagonal ring structure (Fig.1.B. 
I). However, because the size of Al-O octahedral sheet is smaller than that of Si-O tetrahedral sheet, there is a 
structure adaptation process for both. In the actual crystal structure of kaolinite, Si-O tetrahedron can only turn 
from idealized hexagonal sheet into ditrigonal arrangement to shrink the spacing between the top oxygens (Fig.1.B.
Ⅱ) [23, 24]. The adaption between the Si-O tetrahedron and the Al-O octahedron was realized in this kind of mild 
curling .  
 
A 
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Fig.1 Kaolinite structure and arrangement of Si-O tetrahedron in kaolinite [24-26] 
Ⅰ an idealized hexagonal sheet; Ⅱ a ditrigonal arrangement 
 
The yield morphology of naturally well crystallized kaolinite is a fake-hexagonal sheet parallel to (001) and the 
aggregation presents wormlike (Fig.2.c; g). The platy kaolinite can stably exist. This may attribute to the following 
[24, 27]: 1) The mutual repulsion between the same electric charges of Si4+ and Al3+ leads to the overall 
morphology of the layered superposition. 2) There is hydrogen bond force between the tetrahedron bottom oxygen 
and hydroxide radical of the neighboring layer. 3) The wrinkling curling of tetrahedron bottom oxygen enables it to 
adapt to the hydroxide radical of the neighboring layer in the dimensional orientation. Fig.1 shows the interlayer 
curling adaption effect of Si-O tetrahedron in the Si-O tetrahedral layer. It forms a shorter axial length. Multiple 
factors contribute to the macroscopic platy mineral morphology in the nature. 
It was found that considerable amount of kaolinite nanoscrolls can be prepared via the liquid intercalation and 
delamination process [19, 21, 22, 28, 29]. The morphology features of this kind of product inherit the mineral 
structure properties of original kaolinite (Fig.2. d, e, f, h and j).
 
 Fig.2 SEM images and TEM images of kaolinite and nanoscrolls 
a chrysotite[24] (TEM); b halloysite(SEM); c kaolinite(SEM); d kaolinite nanoscrolls(exfoliation from kaolinite- 
hexadecyltrimethylammonium chloride intercalation compound, SEM); e partially curled kaolinte(exfoliation from kaolinite- 
dodecylamine intercalation compound, SEM); f partially curled kaolinte(exfoliation from kaolinite- hexadecyltrimethylammonium 
chloride, SEM); g kaolinite(TEM); h kaolinite nanoscrolls(exfoliation from kaolinite- dodecylamine intercalation compound,TEM); i 
Cross-section of platy kaolinite (TEM, 10 lattice fringes of (001) crystal plane, the spacing of the lattice fringe is 0.733 nm, which is in 
good agreement with previous X-ray diffraction data);  j Cross-section of kaolinite nanoscrolls (exfoliation from kaolinite- 
hexadecyltrimethylammonium chloride, TEM) 
 
3. Curling model of kaolinite 
3.1. Curling driving force 
The structure and arrangement of kaolinite contains 5-layer atomic planes. Even ten-layer superposition still can 
reach a considerable radius-thickness ratio and the internal structure dislocation forms a strong driving force. With 
the inherent instable morphology of two-dimensional nano-materials, it is difficult to maintain the stability for 
kaolinite in this two-dimensional scale. Only through certain curling and wrinkling (Fig.3), even completely curling 
to form into tube shape on c axis can the stable structure be realized (Fig.2. d; e; f). 
It is shown that kaolinite can form intercalation compounds of 2.0~4.0 nm interlayer spacing through three-step 
intercalation [19, 22]. The increasing interlayer spacing greatly weakens the interlayer hydrogen bond, which limits 
the force release of kaolinite sheet superposition and is not enough to maintain the original sheet morphology of 
kaolinite. At the same time, sufficient clear free space generates when the intercalated agent is removed from liquid 
fluid. The restoring force caused by the dislocation of tetrahedron and octahedron in the unit layer structure 
promotes the single sheet or thin sheet to automatically curl into nanoscroll before the neighboring sheets restores. 
Because the size of tetrahedron is slightly larger than that of octahedron, this causes outer face of Si-O tetrahedral 
sheet and inner face of Al-O octahedral sheet to curl in one direction until nanoscroll reaches a stable structure. The 
diameter of the tube falls between 20~100 nm and the length mainly depends on the lamellar particle size of raw 
kaolinite, usually falling between 250~2000 nm. The length-diameter ratio can reach 100: 1. 
 
 
Fig.3 Schematic of the curling of kaolinite sheet and the rotations of tetrahedron(take the curling direction of b axis as an example) 
 
3.2. Curling direction 
 
 Ⅰ 
 
Ⅱ 
Fig.4 Schematic representation of the curling directions of kaolinite 
Ⅰ Distribution of curling direction of kaolinite in microstructure 
ⅡMacroscopic curling direction of kaolinite sheet 
 
It is found that the top oxygen of each tetrahedron is neighboring to the other three surrounding oxygens. Thus, 
there may be three curling directions of tetrahedron for mutual close of the top oxygen and tetrahedron curling 
(shown as the left picture of Fig.4.Ⅰ). These three directions are the possible curling directions and its curling 
direction (A-A′), (B-B′) and (C-C′) can be seen as the crystal-zone direction intersected by (001) crystal face and 
(010), (110) and (110). The three crystal-zones respectively are [100], [110] and [110]. For example, A-A′ curling 
axis is an axis while its curling direction is b crystal axis. The three respectively present 60°included angle or 120° 
included angle (Fig.4.Ⅰ). It can be seen from the right picture in Fig.4.Ⅰthat the top oxygens of two neighboring 
tetrahedron perpendicular to C-C ' direction respectively are shared with the above two different octahedrons. These 
two octahedrons bypass the size mismatching, which weakens the curling driving force in this direction. However, 
the curling force is large for the top oxygens of two neighboring tetrahedron perpendicular to the other two 
directions, B-B′ and A-A′ share the same octahedron. Therefore, two predominant curling axis directions in B-B′ 
and A-A′ are established. If these two predominant directions curl in the opposite direction simultaneously and the 
curling force is basically equal, the curling morphology of parallelogram can be shown as the rightest picture in 
Fig.4.Ⅱ. Besides, these two predominant curling forces jointly act on one direction, which also can generate one 
greater resultant force, whose direction is of 30° to both and parallel to C-C′. The curling axis caused by this 
resultant force constitutes of [310] crystal zone determined by (001) crystal face and (130) crystal face. This result 
forms the triangle curling morphology in the middle of Fig. 4.Ⅱ. If kaolinite firstly intercalates and activates in one 
side and curls, its curling speed in a single direction is faster and the curling force in other directions do not act, 
straight tube morphology will form (the far left picture in Fig.4.Ⅱ). The relative curling forces in different 
directions successively are [310]＞[100]=[110]＞[110]. Fig.4.Ⅱ shows the unilateral curling (single direction), 
trilateral curling (triangle curling), and four-side curling (rhombus curling), which are typical curling morphologies. 
Among them, the first one is the most common, and is the final stable state while the latter two are in the 
intermediate exfoliation state. 
Bates [30] ever points out that in the curling structure of halloysite, the theoretical diameter of the tube is relevant 
to the atom size discrepancy of tetrahedron and octahedron in a and b crystal axes and it shall fall between the two 
curling extremums according to a and b axes. It has been shown that if the tubes are developed parallel to the a axis 
the minimum inner diameter is theoretically 25 nm; if parallel to b, 57 nm [30].These also indicate that its curling 
direction shall be more inclined to the direction with larger mismatching. Singh [23] proposed that the curling 
morphology of halloysite can better ease the size mismatching of octahedron than the ditrigonal arrangement of 
Si-O tetrahedron. Maybe it is the reason for that the deformation behavior of Si-O tetrahedron in the intercalation 
delamination process is released and curls into nanoscroll. The rolling mechanism operates in hydrated halloysite in 
preference to tetrahedral rotation because the least resistance is offered by Si-Si repulsion[23]. The 1:1 kaolinite 
structure can switch from tetrahedral rotation to a rolling mechanism and vice versa in response to changes in the 
state of hydration provided there are no other physical constraints[23].  
 
3.3. Curvature 
It can be known from the above that the initial curling driving force of nanoscroll comes from the size discrepancy 
of tetrahedron and octahedron. The lamella curls in c axis direction while the five atom layer of tetrahedron and 
octahedron is of certain spacing to c axis direction. Therefore, when a certain amount of size discrepancy 
perpendicular to c axis is released through curling morphology, it also determines the curvature radius of the initial 
point. Making convenience of computation, b axis is taken as the curling direction and the cross-section of 
nanoscroll is approximately regarded as concentric rings. 
 
Fig.5 Different radius of kaolinite nanoscrolls 
 (1) Minimum 
For the same kind of kaolinite, different test conditions may obtain different test values of axial length and it is 
more likely for kaolinite of different types. Assuming hexagonal symmetry and an ideal hexagonal shape, the 
lateral dimension of a tetrahedral sheet can be calculated from the equation： 
b=4√2x 
 For a Si-tetrahedral sheet with a Si-O bond length of x=0.162nm, the b dimension equal 0.9164nm and 
a=0.502nm.  These lateral dimensions of the tetrahedral sheet are significantly larger than those of the 
Al-dioctahedral sheet which has b=0.8655nm and a=0.5066nm as observed for gibbsite. Gibbsite, with a chemical 
composition Al(OH)3，can be served as fully extended octahedral sheet. The structure of gibbsite forms stacked 
sheets of linked octahedrons of aluminium hydroxide.[23, 30, 31]The author selects tetrahedral sheet with b0(T) = 
0.9164 nm as the axial length and octahedral with b0(O) = 0.8655 nm as the axil length from the reports about 
silicate minerals. The layer spacing between the cation face of tetrahedral sheet and cation face of octahedral sheet 
is 0.267 nm. The selection of this parameter can enable the curling force of kaolinite sheet to reach the maximum 
and the tube diameter to be the minimum. 
From, 
b0(T)/ b0(O)=(r+0.267)/r 
We can get r=4.540 nm and the theoretically minimum interior diameter is 9.08 nm. If it exceeds this value, the size 
discrepancy of Al-O octahedron and Si-O tetrahedron will fail to reach the tube curature and the under-sized 
interionic distance caused by under-sized interior diameter will enlarge the influence of the electrostatic repulsion 
between ions of the same properties and becomes a hindering factor of curling. This determines the hollow feature 
of kaolinite nanoscroll. It is found that the minimal interior diameter is about 10 nm and does not overflow the 
minimum. The actual observation basically conforms to the theoretical calculation. 
 (2) Optimum value 
1:1 stable structure parameters in a common platy kaolinite are b0(T) = 0.893 nm, b0(O) = 0.862 nm. The anion 
spacing of the outermost two layers in the unit structure layer is taken as layer spacing, 0.437 nm. 
From, 
b0(T)/ b0(O)=(r+0.437)/r 
It is obtained r= 12.151 nm and the interior diameter of curling is 24.3nm. The actual nanoscroll radius observed by 
TEM most falls between 20~25 nm (Fig.2.j; Fig.6), which basically coincides with the theoretical analysis. 
 (3) Maximum 
Once curling occurs, the original driving force caused by increasing diameter in the curling process decreases. A 
small driving force can maintain it until the nanoscroll curvature increases till without sufficient driving force. 
When (r+0.437)/r≈1, it can be considered as curling stop. 
When r=50 nm, b0(T)/ b0(O)=1.00874. In this case, there is only an extremely small size discrepancy between both 
and the discrepancy cannot satisfy the curvature requirement of Si-O tetrahedron. The restoring force caused by 
size mismatching has been very small, so it is difficult to continue curling. Therefore, the maximum outer radius of 
the overall nanoscroll is 50 nm (outer diameter 100 nm). 
There are very few nanoscrolls with diameter of more than 100nm and its morphology usually is irregular (Figure 
2.f). It may be due to multiple-unit layer curling or that the result is observed on the back in case of two opposite 
curling close. 
(4) Measured diameter of nanoscrolls 
From the statistics of many TEM images, the frequency histograms of the interior diameter of nanoscroll structure 
is shown as Figure 6 and the distribution range of the interior diameter falls between 8~50 nm and the common 
diameter lies between 20~25 nm. The mean interior diameter, 20.9 nm is obtained. It is deemed that the actual 
measurement and theoretical calculation results are basically consistent. 
 Fig.6 Frequency histograms of the interior diameter 
 
3.4. Relationship between the number of curling unit layers and nanoscroll morphology 
If two unit layers curl simultaneously, the initial curling radius of the inner side is close to 12.15 nm (the optimal 
value of curling radius). Macromolecule displaces intercalating agent, for example, quaternary ammonium salt and 
alkylamine has been removed after delamination process. Only grafting methyl alcohol is left in kaolinite interlayer. 
At this time, kaolinite interlayer spacing restores to 0.86 nm. The initial external radius is 13.87 nm and the external 
radius after n-circle curling is 12.15+(n+1)*0.86*2. The actually observed mean maximum external diameter is 50 
nm. Thus, the maximum curling cycle shall be no more than 7. 
When four unit layers curl simultaneously, at the end of the fourth circle the external radius is 
12.15+(4+1)*0.86*4=29.35 nm and the wall thickness is over 17 nm. However, it can not be observed the nanotube 
wall thickness over 17 nm from SEM and TEM. Though there are seldom nanoscroll diameters of over 50 nm. 
However, it belongs to the half-rolling state (Fig.2.f) of multiple layers simultaneously. No full nanoscroll 
morphology is found. 
If there is no sufficient free space between neighboring layers and the interlayer hydrogen bond obviously weakens 
with the entrance of intercalating agent, many unit layers own curling driving forces to promote the curling of 
multi-layer (Fig.2.e). At the edge of mother edge, the warping structure can be observed. 
With the increasing number of curling unit layers, the curling radius grows rapidly with the increase of cycles. The 
decay rate of curling driving force is fast and the nanoscroll tends to lower curling cycle and larger external 
diameter. At the same time, the superposition and interlayer hydrogen bonding force make the sheets tend to 
mutually pull so as to maintain the morphology of the original plate, increasing the difficulty in triggering curling. 
Thus, the formation of multi-layer nanoscroll will become difficult with the increasing layers. According to the 
above 50 nm of maximum nanoscroll’s curling radius and 24.3 nm lower limit of curling internal diameter, each 
unit layer in the methoxy group grafting structure takes 0.86 nm. Then the maximum curling layers can be 
calculated. 
(25-12.15)/0.86 ≈15； 
This means that even if interlayer hydrogen bond becomes extremely weak and over 15 sheet super-positional 
particle (with thickness of over 15*0.715=10.725nm) is difficult to curl and its morphology still maintains platy 
crystalline form. 
 
3.5. Coupling relationship of morphological parameters 
It can be known from the above theoretical derivation and experimental observation that the single-sheet is easiest 
to curl and tends to start from 24 nm internal diameter, end up with 5-20 curling cycles and the wall thickness of 
3-7 nm. 
This is because the morphology of raw kaolinite is pseudo-hexagonal plate, the extension lengths in a and b crystal 
axis directions are basically consistent. Each kaolinite sheet roughly is equivalent to wafer and then in the curling 
structure of nanoscroll the perimeter sum of each layer shall be roughly equivalent to its length. This kind of 
dimension coupling relationship, to certain level, limits the morphology of kaolinite nanoscroll. Therefore,  
through the nanoscroll length and wall thickness observed by electron microscope, the radius necessarily owns the 
following restrictive relations. The interlayer spacing of nanoscroll sheet is d=0.86 nm (the interlayer spacing of 
methoxy-grafted kaolinite); the approximate diameter L of kaolinite sheet; the internal radius of nanoscroll is R1 
and the external radius of nanoscroll is R2; and the curling cycle number of nanoscroll is n. For single-layer curling 
nanoscroll, the following relationship is composited. 
L≈2π[2R1+(n-1)d]n/2=2π( R1 + R2)n/2 
(n-1)*d≈R2 - R1 
Deducing from the inner and external radiuses of nanoscroll, we can obtain the equivalent diameter of sheet before 
the original kaolinite curls.The equivalent diameter of the original sheet can be deduced from the inner and external 
radiuse of the nanoscroll. Taking a nanotube in the picture of Fig.2.d with length about 1000nm as an example, 
which has a inner radius of 17 nm and the external radius of 24 nm, (24-17)/0.86+1≈9 cycles was completed and 
L≈1158 nm was obtained from the above formula. The field emission SEM observes its length about 100 nm and 
the transmission electron microscope (Fig.2.h) shows the inner radius of 17 nm and the external radius of 24 nm 
and about (24-17)/0.86+1≈9 cycles. Through calculation of the above formula, L≈1158 nm is obtained, which 
verifies the accuracy of the above theoretical analysis. 
 
4. Natural analogy mineral of kaolinite nanoscroll --- serpentine and halloysite 
The structure of kaolinite nanoscroll owns certain analogy relationship with both serpentine and halloysite. 
Halloysite is a hydrated 1:1 structure and occur in nature as tubes, spheres, plates or irregular particles(Fig.2.b). 
The chemical formula of halloysite can be expressed as Al4[Si4O10](OH)8·4H2O, with a0 = 0.514 nm, b0 = 0.890 nm, 
c0 = 1.490 nm, α=91.8°, β=104.5° and γ=90°, belonging to monoclinic system. The water molecular is distributed 
in interlayer, mostly presenting hollow tube. It also presents curling sheet, plate and pelletoid [32]. The length of 
tube falls between 0.02 μm and 30 μm, and the pipe diameter falls between 50 nm and 200 nm. In the Si-O 
tetrahedral sheet of unit structure layer, the Si-O bond length is 0.162 nm with a0 = 0.5020 nm and b0 = 0.9164 nm. 
In the Al-O octahedral sheet, a0 = 0.5066 nm and b0 = 0.8655 nm. Thus, the volume of octahedron decreases, 
leading to the structure of outer surface of tetrahedral sheet and inner face of octahedral sheet. This is consistent 
with the kaolinite nanoscroll. The curling structure of halloysite lies in that the interlayer water decreases the 
hydrogen bond between 1:1 structural layer. A space of 0.29 nm thick generates an effect of lubricating the surface, 
which enables the mismatching of tetrahedron and octahedron to accumulate into macroscopic curling morphology. 
It was proved by Hope and Kittrick [33] and Souza Santos[34] that the hydrated platy halloysite can basically 
maintain the irregularly morphology similar to montmorillonite under the lyophilization condition. However, in the 
natural withering process, there is a significant curling, which indicate that some naturally halloysite curling may 
come from the curling of the initial platy structure in the complex geologic process. Its curling principle may be 
similar to the deformation process of kaolinite. 
Chrysotile, the predominant fibrous form of serpentine (Fig.2.a), is constituted of sheets of tetrahedral silica in a 
pseudo-hexagonal network joined to sheets of octahedral magnesium hydroxide [35]. The chemical formula of 
serpentine can be expressed as Mg6[Si4O10](OH)8, and generally can be divided into lizardite of platy structure, 
antigorite of undulate fold and chrysotite of curly tube structure. The size mismatching of tetrahedron and 
octahedron has a great influence on the morphology. In the platy structure of serpentine, the octahedron sheet 
transversally shrinks, promoting its thickness to shrink form 0.22 nm to 0.215 nm. This leads to the slight 
fluctuation of 0.03 ~ 0.04 nm in c axis direction of Mg2+ in octahedron, top oxygen of middle tetrahedron, H-O 
plane of octahedron, and the atom in the bottom oxygen plane. Antigorite offsets the mismatching of tetrahedron 
and octahedron through alternatively backward wave-like curling structure. The axis lengths of chrysotite 
respectively are a0 = 0.5313nm, b0 = 0.912nm and c0 = 1.4637nm. The tetrahedron sheet curls outer surface of 
octahedron sheet and forms fibre curling structure, overcoming the size mismatching of atomic plane in a and b 
crystal axis. 
There are two reasons for the difference between chrysotite and kaolinite. First is the influence of cation variety. 
The radiuses of different cations are different. The coordinated cation radius of octahedron in serpentine is 
r(Mg2+)=0.072 nm, while the coordinated cation radius of octahedron in kaolinite, Al3+ is r(Mg2+)=0.054 nm. Also 
the electrostatic interactions of Al3+ on the surrounding O2- and OH- are stronger than those of Mg2-, reducing the 
volume of anion coordinated octahedron. Second is the influence of cation occupancy. The dioctahedron structure 
in phyllosilicate, b0 is significantly lower than the trioctahedron structure in the same cation. The ideal b0 of 
magnesia octahedron reaches 0.945 nm, but the dioctahedron structure in kaolinite significantly decreases. Thus, 
the size of octahedron sheet in kaolinite is smaller than that of octahedron in serpentine, leading to the curling 
structure generating the opposite direction of chrysotite, namely, kaolinite nanoscrolls are with outer surface of 
tetrahedral sheet and inner surface of octahedral sheet. 
 
5. Conclusions 
The platy morphology of natural kaolinite results from the joint interaction of the interlayer hydrogen bond, the 
electric charge effect of atoms in the neighboring layer, the spatial resistance of the neighboring layer and the 
deformation and adaptation of tetrahedron and octahedron. The driving force for kaolinite sheet to be curled 
nanoscroll originated from the size discrepancy of tetrahedron and octahedron. The intercalation promotes the platy 
kaolinite sheets to be scrolled by eliminating the interlayer hydrogen bond force at the same time provides space for 
the entrance and removal of intercalated agents. 
Kaolinite nanoscrolls are hollow tubes with outer face of tetrahedral sheet and inner face of octahedral sheet. Based 
on the theoretical calculation, it is firstly reported that the minimum interior diameter for a single kaolinite sheet to 
be scrolled is about 9.08 nm, and the most common 24.30 nm, the maximum 100 nm, which is verified by the 
observation of SEM and TEM images. If there are over 15 sheet super-positional particles (with thickness of over 
15*0.715=10.725 nm), it is difficult to curl and its morphology still maintains platy crystalline form. 
There are two connection types of tetrahedron and octahedron in kaolinite crystal structure. One is the connection 
between one tetrahedron and octahedron. The other one is the connection between two tetrahedron and octahedron. 
The different adaption types and discrepancy degree between tetrahedron and octahedron generate various curling 
forces in kaolinite in different directions. The nanoscroll axes prefer the directions as [100], [110], [110], [310], and 
the relative curling force are as follows, [310]＞[100]=[110]＞[110]. 
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